Abstract. Mounting a wind turbine on a floating foundation introduces more complexity to the aerodynamic loading. The floater motion contains a wide range of frequencies. To study some of the basic dynamic load effect on the blades due to these motions, a two-dimensional cascade approach, combined with a potential vortex method, is used. This is an alternative method to study the aeroelastic behavior of wind turbines that is different from the traditional blade element momentum method. The analysis tool demands little computational power relative to a full three dimensional vortex method, and can handle unsteady flows.
Introduction
The wind resources offshore are stronger, less turbulent and more predictable relative to the onshore wind resources. In the shallow water areas outside Denmark, Germany and Great Britain there are large offshore wind turbine parks in operation, but the wind turbine development is still very limited for deeper waters. The trend is that the wind turbines are installed further from the coast and at larger water depth. At the end of 2011, the offshore wind turbines' installed capacity was 3 812 MW, but only 2 out of 1371 offshore wind turbines were full scale floating wind turbines [1] . Figure 1 illustrates the development from onshore to offshore in wind turbine technology. In deep waters it is not economically practical to have the wind turbines fixed to the seabed, and a floating alternative is needed. Some of the areas with high wind speed have deep waters and one needs floating wind turbines to capture the wind energy. The area outside the western coast of Norway is such an example. Outside the west coast of Norway, Statoil has deployed a floating wind turbine, similar to the floater in figure 2. This wind turbine has been successfully operating since autumn 2009 [2] . The aerodynamics of a conventional bottom fixed horizontal axis wind turbine can be computed by applying the blade element momentum (BEM) method [3] . However, a floating wind turbine, will have additional rigid body degrees of freedoms (DOFs) and this introduces more complexity in the aerodynamic loading. The additional DOFs are shown in figure 2 . The six DOFs illustrated in figure 2 are both translational and rotational motion. The rotational motions are termed pitch (y-axis), yaw (z-axis) and roll (x-axis), and the translational motions are termed heave (z-axis), surge (x-axis) and sway (y-axis). The studies of floating wind turbines often assumes that the BEM method is valid, even with the additional rigid body DOFs introduced. The BEM method is based on momentum theory [3] . However, when the floating wind turbine is operating in wind conditions which are below rated wind speed, the momentum balance may break down. The reason for this is that the contribution to the effective wind speed due to the platform motions are relatively larger for lower wind speeds [4] . For wind speeds at rated or above rated the momentum balance may be sufficient to be used. The DOFs, which are most significant for aerodynamics of a floating HAWT, have been discussed in [4] . For a spar-buoy type of platform, as shown in figure 2 , the DOFs that may lead to unsteady loading are pitch and yaw.
As an alternative to the commonly used BEM method, we have analysed the aerodynamics of the rotor using a simple 2D vortex panel method. The advantage of using the panel method is that it does not need aerodynamic load coefficient a priori. Since the panel code includes the vorticity in the wake, a good estimation of the transient aerodynamic loads is obtained. Instead of modelling only a single airfoil, a cascade of airfoils is modelled. In the cascade the adjacent airfoils are included in the analyis of the aerodynamic loads. The method used will show how the thrust force will be affected by the platform motions. The analysis will investigate the rotor-flow interaction due to an axial motion of the rotor. This axial motion will occur as a combined pitch and surge motion of the floating foundation.
Theory
The aerodynamic analysis method presented in this section is based on the following assumptions:
• The fluid is incompressible, irrotational and inviscid, i.e. potential flow.
• There is no flow in the meridional plane, only in the cascade plane, i.e. there is no flow from one radial cross section to another.
These assumptions limit the validity of our analysis. As a consequence to the flow being inviscid, the stall effect is not modeled. This is the largest weakness of the potential vortex method, as the stall effect is important to the loading of the airfoil. If the flow in the meridional plane is neglected, the flow along the blade is assumed zero. This is erroneous, especially close to the tip of the wind turbine blade, where there is a tip loss effect. The tip loss effect can be included in the simulations by a correction factor, such as the Prandtl method. The Prandtl method is often used to include the tip loss effect in BEM methods, which have the same limitations as our cascade analysis with regards to two dimensional flow [3] .
Cascade aerodynamics
The cascade theory is applied to a two-dimensional airfoil. The thrust force from the aerodynamic load can be estimated by integrating the normal force over the length of the blade. The transformation of a blade element of a wind turbine into a cascade configuration is shown in figure 3 . The blade elements are presented as a cascade of airfoils and the distance between airfoil sections is the circumference of the rotor at the blade section, divided by the number of blades.
The incoming velocity is a result of the velocity through the wind turbine plane of rotation and a rotational component of the wind turbine. A velocity diagram is shown in figure 4.
Vortex panel methods
It can be shown that the velocity potential of the potential flow can be described by the Laplace's equation [5] . Singular elements, which are solutions of the Laplace's equation, are used to describe the flow. The singular elements are distributed along the airfoil surface and the wake. The strength of the singular elements are found enforcing boundary conditions along the surface of the airfoil and the wake. The main steps will be described in detail in the order listed. The time-stepping procedure will be presented after the main steps have been presented. At the end of this section, the calculation of the lift force will be shown.
Selection of singularity element.
In the vortex panel method the flow field is modeled by a combination of singular elements. On the airfoil, the surface is divided into linear segments with sources and doublets of constant strength. The wake is modeled with linear panels with constant doublet strength. The difference in velocity potential at a point P , located at (x, y), due to a constant two dimensional strength source is defined by [5] :
(1) where σ is the strength of the source element with end points x 1 , z 1 and x 2 , z 2 . A local coordinate system is used, where the x-axis is along the panel element and the origin is at the first end point of the panel, (x 1 , y 1 ). Similarly, the difference in the potential due to the constant strength doublet is defined by [5] :
where µ is the strength of the doublet element.
Discretization of geometry.
The geometry of the airfoil is discretized into linear elements. Special attention should be paid at the trailing edge and at the leading edge to get the correct discretization in these areas. The discretization of an airfoil is illustrated in figure 5 . A collocation point is located at the center of each panel element. coefficients due to the doublet panel elements along the surface are denote C ij , and in the wake C il , and are both calculated by Equation 2. The influence coefficient for the doublet panel on itself is calculated separately as C ii = 1/2. A boundary condition based on the constant potential method (Dirichlet method) have been used. The velocity potential can be divided into a free stream potential, Φ ∞ , and a perturbation potential, Φ [5] :
The influence coefficients represent the perturbation potential, Φ. The boundary condition, for panel element i, can then be written:
where j is the index notation for all the panel elements along the surface and l is for the wake panels. A second boundary condition, the Kutta condition i.e. a smooth flow at the sharp trailing edge, is needed to solve the problem:
For the first timestep, there are N + 1 equations to be solved. This will increase with 1 for each time step, since the number of wake elements will be increasing with time.
Establishment of the RHS of the equation.
The inner potential is selected to be equal to Φ ∞ . The source strength is then [5] :
where n j is the local normal vector at panel element j, see Figure 6 and Q ∞ is the wind velocity vector. Equation 4 is reduced to:
A linear algebraic equation is created for each collocation point along the surface of the body. The known parts of the equation are the influence coefficients, the source strengths and the strength of the shedded wake elements. The strength of the first wake panel is however not known and is included in the doublet distribution of the airfoil. The Kutta condition (Equation 5) reduces the amount of unknowns to N + 1. The doublet influence is rewritten such that:
The source influence coefficients and source strengths are moved to the right hand side of the equation, and solved. This is only needed to be done once, and can be used for all time-steps as long as the shape of the body is constant. This is the RHS s . For each time-steps a RHS w vector containing the influence vector of the wake and the doublet strengths needs to be calculated. The RHS vector is established by adding RHS s and RHS w together.
2.2.6. Solution of the linear set of equation. Following the steps above, one has the following matrix equation to be solved:
The strength of the doublets, µ j can now be calculated. Based on this, the circulation can be calculated, which is used when calculating pressure and velocity.
2.2.7.
Time-stepping procedure. For incompressible flows the instantaneous solution is independent of time derivatives. The steady-state solution techniques can therefore be used when solving time-dependent problems. As with steady-state flows the Kutta condition, Equation 5 , is assumed valid [5] .
In addition to the steps described above, the wake strength and its shape need to be considered. The strength of the element shed at the trailing edge is computed using the Kutta condition. The element is at later time steps convected downstream. It is assumed that the wake leaves the trailing edge at a mean angle. The wake should be parallel to the circulation vector, and this gives the necessary requirements to calculate the wake shape. By calculating the velocity induced by the singular elements and adding it to the free stream velocity, the propagation of the wake is estimated.
Secondary computations.
The lift force of the blade section can be estimated from: where ρ is the air density and Γ is the circulation. The circulation is calculated from the constant strength doublet panels. The constant doublet distribution is equivalent to two point vortices with opposite sign at the panel edges with opposite sign at the panel edges such that Γ = −µ. [5] . The force normal to the rotor plane is:
where α is the angle of attack and γ is the twist, see figure 4 . Figure 7 . Distance from a singular element on a collocation point. The influence will be in two directions due to the circular path of the blades.
Adjacent airfoils and wakes
The airfoils are moving in a circular path when rotating about the wind turbine axis. The distance between the adjacent airfoils is 2πr/3. The influence from both the neighbouring blades and their shed wake is included in the method. When the airfoil has moved a distance of one circumference, it will be at the same position as in the previous rotation (assuming no axial motion of the rotor). The shed wake will have moved a distance downstream. As the airfoil moves away from the shed wake element, the influence from the wake panel becomes weaker. It will reach a point where the influence from the panel element is almost zero, before the influence starts increasing again. The collocation points at the airfoil will be influenced by the singular element in two different directions, as shown in figure 7 . In this figure the distance to the singular element is x. The contribution of the influence in the opposite direction should however also bee included, even though it is at a larger distance from the collocation point. In Figure 7 , this distance is 2πr − x.
Validation
A validation of the code is presented in this section. As a first step the computed transient lift is compared to the Wagner function. Thereafter the lift coefficient of the airfoil at the blade section to be investigated later is compared to the tabulated data.
Wagner function
The resulting lift of a thin foil accelerating instantaneously from rest at t = 0 to a constant velocity U is given proportionally with the Wagner function [6] . Immediately, as the foil is accelerated, the lift is half of the lift at steady state. It increases monotonically towards the figure 8 . The Wagner function is based on a thin foil, and does not resemble an airfoil with thickness. The transient behavior of the lift force for the NACA 0012 is therefore expected not to behave exactly as the Wagner function predicts. Based on the figure, it is concluded that the method satisfactorily captures the transient behavior of the airfoil.
Airfoil properties
To ensure that the correct lift coefficients of the airfoil are found, and that a sufficient number of panels is used for the airfoil, the analyzed airfoil section will be compared with the lift coefficients for the airfoil given in the OC3 project [7] . It is the NACA64 A17 airfoil that has been analyzed. The vortex method developed is a time-dependent method, and the lift coefficient values will therefore steadily increase with time as the distance to the starting vortex increases. The values presented in table 1 are the lift coefficient with a dimensionless time coefficient of 20. The dimensionless time is defined as the distance traveled in semi-chords, 2U t/c.
There is a difference between the panel method and the tabulated lift coefficients. The difference is however relatively small.
Method
The pitch and yaw motions of the floating wind turbine will be contributing to the unsteady aerodynamics [4] . In our simplified 2D method we have investigated a surge motion as a simplified representation of the pitch motion. The surge motion is an axial motion of the wind turbine structure as shown in figure 9 . In our simplified method only the flow in the cascade plane is considered and zero flow in the meridional plane, i.e. the 2-D method is not suited for a correct representation of the pitch motion. The surge motion is investigated for a 5 MW floating spar type wind turbine. We will use the characteristics of the 5 MW wind turbine with a spar buoy platform as investigated by the OC3 project [8] . For simplicity there is no control system included, i.e. no pitching of the blades and fixed speed of the wind turbine. The main properties of the wind turbine are shown in table 2. The environmental conditions and wind turbine rotational speed used in the simulations are listed in table 3.
The airfoil coordinates are obtained from [9] , and the rotor geometry from [7] . Only one of the nodes along the blade is used in the simulation. This node is located at 0.7R, where R is the total length of the blade.
The two dimensional blade is set up as shown in figure 4 . The axial motion of the rotor is included in the analysis by varying the incoming wind speed with time. An oscillation frequency period of 12 seconds, and an amplitude of 1.5 m, is used to represent the pitching behavior of a floating wind turbine.
Results
The results from the simulation are shown in figure 10 and in figure 11 . At the start-up of the simulation, the transient lift due to the starting vortex when the airfoil is accelerated from zero can be seen in figure 10 . To remove start-up effects from the results, the eight first rotations are removed from the result presented in the further analysis. In figure 11 , the normal force on the oscillation rotor is presented as a function of the rotor axial velocity. The force is seen to follow an almost linear trend, that indicates that there is an aerodynamic damping effect. Figure 11 . The normal force on the airfoil relative to the surge velocity.
Discussion
We would like to investigate analytically the aerodynamic damping quantified in the result section. Equation 16 shows the relation between the normal force and the lift force. For small values of the relative angle between the lift force component and the normal force component, the normal force is approximately equal to the lift force, N L. The lift force can be expressed as:
where ρ is the density of the air, U rel is the relative wind speed, U is the wind speed, U rot is the rotational speed of the blade, C L is the lift coefficient and c is the chord length. The last term of Equation 17 is dependent on the velocity of the axial motion of the wind turbine, x, but this is also true for the first term which contains the lift force coefficient, C L (α). This coefficient is dependent upon the angle of attack, which will vary with the velocity of the wind turbine axial motion: 
where γ is the twist angle of the blade at the airfoil section. The lift coefficient as a function of the angle of attack can be linearized about the mean angle α 0 :
where α 0 is the mean angle of attack whenẋ = 0. Combining Equations 17 and 20:
which can be divided into four separate terms:
All data above is known for our simulation; ρ is 1.225 kg/m 3 and ∂C L ∂α is calculated from the values in table 1 as provided in [7] . A linearization between the values for 5 o and 7 o results in a ∂C L ∂α of 5.3 1/rad. C L0 is the lift force coefficient at 6 o . The last term L 4 is assumed much smaller compared to the other terms asẋ 2 is a very small number. The term L 1 is the only one not dependent on the axial motion of the wind turbine, and is expected to have a mean value at 2.87 kN. The terms dependent on the axial motion of the wind turbine,ẋ, are L 2 and L 3 . The sum of the two coefficients relating L 2 and L 3 to the axial motion is −0.39 kN/(m/s). If the calculations were based on the lift coefficients obtained by the panel vortex method, which are also given in table 1, the results would vary slightly. The stationary term, L 1 is then 2.88 kN, while the sum of the coefficients connecting to the axial velocity of the rotor is −0.46 kN/(m/s).
In our simulation, using the panel vortex method, these values are relatively close to the theoretically obtained values. Based on the simulations, the mean value was estimated to be 2.74 kN, and the term dependent on the velocity axial motion of the wind turbine was −0.43 kN/(m/s). The force component dependent on the axial velocity of the wind turbine motion is defined by the coefficient, c a .
Since the aerodynamic damping coefficient c a , connecting the surge velocity and the associated normal force, has a negative value it translates into a positive damping of the wind turbine structure. For airfoils closer to the hub, the change in the incoming velocity due to the axial rotor velocity will to a larger extent influence the relative wind velocity and the angle of the attack. This is in contrast to the outer blade sections where the aerodynamics is primarily governed by the rotational velocity. Correspondingly, for the blade sections closer to the hub, the motion-induced thrust will vary in a more complex manner with the axial rotor velocity forming a hysteresis rather than a straight line of the type shown in Figure 11 . 
Conclusion
The panel vortex method has been used to study the effect of the unsteady aerodynamics for floating wind turbines. The validity of the method is limited since it only considerers potential flow and only in the cascade plane. Since it is a potential flow code it is limited to modelling attached flow, and dynamic stall is therefore not modeled. The aerodynamic loads at lower angles of attack are however well estimated, and our result is limited to the range lower than the expected stall limit. The aerodynamic damping coefficient for the surge motion was estimated for a blade segment on the rotor. This is valuable first step when looking at the aerodynamic effects of floating wind turbines. In the further work we will extend these two dimensional result to obtain the surge damping force on a full rotor.
